ABSTRACT A trial was conducted to study the influence of feeding regimen [ad libitum, (AL) vs. feed restriction, (FR)] and supplementation of the diet with a combination of xylanase and β-glucanase on physiological parameters and performance of broilers fed rye-based diets. There were 4 dietary treatments arranged factorially with 2 feeding regimens (0 vs. 30% FR from 4 to 14 d), 2 enzyme doses (0 vs. 500 ppm), and an additional corn control diet. Each treatment was replicated 9 times from 4 to 25 d (15 chicks caged together) and 6 times from 25 to 46 d. From 4 to 46 d of age, FR did not affect weight gain and improved feed conversion of broilers (P < 0.05). Also, FR reduced the incidence of leg disorders, digesta viscosity, and pasted vents (P < 0.01) and increased relative weight of gizzard (P < 0.001). Enzyme supplementa-
INTRODUCTION
Water-soluble nonstarch polysaccharides of high molecular weight present in rye increase intestinal viscosity (Bedford et al., 1991; Scoles et al., 1993; Ragaee et al., 2001 ) and stickiness of droppings (Marquardt et al., 1979; Pettersson and Å man, 1989) , which results in depression of bird performance (Fengler and Marquardt, 1988; Mathlouthi et al., 2002) . Rye utilization is also associated with malabsorption of lipids and fat-soluble vitamins and with deterioration of bone mineralization and leg soundness (MacAuliffe and McGinnis, 1976; Campbell et al., 1983) . On the other hand, feed restriction (FR) reduces the incidence of leg problems (Robinson et al., 1992 (Robinson et al., , 1993 and mortality in broilers (Lippens et al., 2002; Urdaneta-Rincon and Leeson, 2002) . Enzyme supplementation (ES) to rye diets reduces viscosity of intestinal content and the weight of digestive organs (Baiao et al., 1997) and accelerates the rate of passage of digesta through gastrointestinal 2004 Poultry Science Association, Inc. Received for publication February 8, 2003 . Accepted for publication August 18, 2003. 1 To whom correspondence should be addressed: ggmateos@pan. etsia.upm.es. 152 tion (ES) improved average daily gain and feed conversion at all ages (P < 0.01), and the beneficial effects were greater for AL than for FR birds (P < 0.10). Also, ES reduced digesta viscosity (P < 0.001), relative weights of gizzard (P < 0.05) and crop (P < 0.01), and jejunum length (P < 0.05). Compared with feeding corn, feeding rye AL with or without ES impaired growth and feed conversion from 4 to 46 d (P < 0.01) and increased incidence of leg disorders (P < 0.05), viscosity of jejunum content (P < 0.01), and jejunum length (P < 0.05). We concluded that rye in feed impaired broiler performance and increased digesta viscosity and incidence of leg disorders and that FR and ES reduced the magnitude of the problem. The beneficial effects of ES on bird performance were more evident when birds were fed AL. tracts of birds (Dänicke et al., 1997a; Lázaro et al., 2003a) . A decrease in transit time with ES reduces the growth of microflora in the intestine (Dänicke et al., 1999) , which may counteract the negative effects of rye feeding on bile acid deconjugation (Mathlouthi et al., 2002) and improve vitamin D 3 status, mineral absorption, and leg soundness (Grammer et al., 1982) . Enzymes improve poultry performance by increasing feed intake and nutrient digestibility (Dänicke et al., 1997b; Lázaro, 2003a,b) . Therefore, the magnitude of the response of ES in chicks fed rye could be expected to be greater for birds fed ad libitum (AL) than for FR birds. No previous studies have been conducted to determine the influence of FR on performance and digestive traits of birds fed rye with or without ES. Therefore, the objective of this trial was to obtain additional information on the influence of feed restriction and enzyme supplementation and its possible interaction on productive performance and digestive traits of broilers fed rye-based diets.
MATERIALS AND METHODS

Birds, Housing, and Feeding
Eight hundred straight-run broiler chicks (Cobb 500) were obtained from a commercial hatchery 2 and kept in battery cages for 3 d. At d 4, 675 chicks were selected by weight (107.1 ± 1.8 g) and allotted at random to 45 experimental units. Room temperature was decreased gradually according to the age of the birds from 30°C at d 1 to 24°C at d 15 and then kept constant until d 46. A 23-h light program was maintained from d 1 to the end of the experiment. The routine of animal care and experimental procedures used in this study conformed to regulations and guidelines of Boletín Oficial del Estado (1988) .
The experimental design was completely randomized with 5 treatments, 4 diets with 50% rye arranged as a 2 × 2 factorial with 2 feeding regimens (0 or 30% FR from 4 to 14 d), and 2 doses of ES (0 or 500 ppm) and a control diet based on 50% corn. The feeding regimen for FR birds was access to 70% of the intake recorded the previous day for the AL fed birds. The commercial enzyme preparation used was produced by Aspergillus niger and contained 858 IU of β-glucanase (EC 3.2.1.6) and 864 IU of xylanase (EC 3.2.1.8) per gram as measured by duplicate analyses. Consequently, the actual concentrations of β-glucanase and xylanase in the diet with 500 ppm (0.05%) of the enzyme complex were 429 and 432 IU per kilogram of diet, respectively.
Diets were formulated to meet or exceed the nutrient requirements of the National Research Council (1994) for broiler chicks and were offered in mash form (Table 1) . The rye-based diets contained 150 kcal of AME n less than the corn-based diets per kilogram of feed, because we tried to keep the ether extract content of the diets within a narrow range. All birds were fed the control diet based on corn during the first 3 d of life and then their respective experimental diets.
From 4 to 25 d, each treatment was replicated 9 times, and the experimental unit consisted of 15 chicks caged together (Avícola Grau battery brooders, 4 1.0 × 0.4 m/ cage). At 25 d, the birds were moved to the fattening unit that contained 30 cages (Avícola Grau battery brooders, 4 1.2 × 0.8 m/cage). Due to lack of sufficient cages, 3 replicates per treatment were disregarded at random. Therefore, from 25 to 46 d each treatment was replicated 6 times. Birds and feed were weighed at 4, 14, 18, 25, 32, 39, and 46 d of age. Mortality was recorded daily, and the incidence of leg disorders, including twisted legs and abnormalities and deformities of bones, which make birds unable to walk (Deaton, 1995) , was recorded at 14 d. Intestinal Viscosity, Pasted Vents, and Digestive Organ Weight At 14, 25, and 46 d of age, 4, 2, or 1 bird per replicate was killed by cervical dislocation, and the digesta contents, collected from the end of the duodenum to the Meckel's diverticulum, were pooled and homogenized. Digesta content of the crop from the AL fed birds was also collected at 46 d. Two Eppendorf tubes were filled with 1.5 g of sample and centrifuged at 17,500 × g for 3 min. The viscosity of the supernatant (0.5 mL), expressed as centipoises, was immediately measured with a Brookfield digital viscometer.
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The percentage of pasted vents per replicate was evaluated by individual visual inspection at 14 d by a single researcher to ensure homogeneity of criteria. Results were expressed as the percentage of birds with droppings adhered to the perineal region. Weights of the empty proventriculus and gizzard (expressed as percentage of BW) were measured at 14, 18, 25, and 46 d in the birds used for measuring intestinal viscosity at these ages, and an additional 2 birds were killed at 18 d. In addition, the relative weights of empty crop, pancreas, and liver and the length of the duodenum (from ventriculus to pancreobiliary duct), jejunum (from pancreobiliary duct to Meckel's diverticulum), ileum (from Meckel's diverticulum to ileocecal junction), and ceca (from ileocecal junction to the end of the hind gut) were measured at 46 d in 2 birds per replicate. The lengths of the intestinal segments were measured after being flushed with deionized water.
Chemical Analyses
Feed samples were analyzed (Association of Official Analytical Chemists, 1995) to determine DM by the oven drying method (934.01), ash (942.05), CP by the Kjeldahl method (954.01), ether extract by Soxhlet fat analysis (920.39), calcium by the dry ash method (927.02), and phosphorus by the photometric method (965.17). Total nonstarch polysaccharides content of rye was determined according to the method described by Theander et al. (1995) . The activities of the commercial enzyme complex used were analyzed by the reducing sugar method described by Miller (1959) by comparison of unknown production samples with a reference enzyme standard and expressing the activities as a percentage of the standard. Briefly, 1 mL of 0.6% β-glucan from barley spelts 6 or 0.6% xylan from oat spelts 6 in 0.1 M sodium acetate-HCl buffer, pH 4.0, plus 0.05 mL of the enzyme solution was incubated at 30°C for 5 and 10 min. The enzyme solutions were 50 mg of β-glucanase/8 mL of buffer and 30 mg of xylanase/8 mL of buffer for the reference enzyme standard and levels that approximated activities of the standard for the unknown enzyme samples. The amount of reducing sugars released was quantified by adding 1 mL of 3,5-dinitrosalicylic acid solution and heated for 5 min in a boiling water bath to stop the enzyme hydrolysis reaction. After addition of 8 mL of distilled water and then cooling to room temperature, the resulting color Rye-based diets with or without the enzyme complex (0 or 500 ppm of Endofeed, GNC Bioferm Inc., Saskatoon, Saskatchewan, Canada). The calculated AME n values correspond to diets not supplemented with enzymes. Chemical analysis of total nonstarch polysaccharides of rye (% dry matter; n = 2): rhamnose, 0.04; arabinose, 2.05; xylose, 2.01; mannose, 0.36; galactose, 0.32; glucose, 4.67; uronic acids, 0.20; and total, 9.65. According to values for feed ingredients of Fundació n Españ ola Desarrollo Nutrició n Animal (1999). As-fed basis (n = 2).
developed was read as absorbancy in spectrophotometer at 540 nm.
7 Enzyme activities were calculated from interpolations of sample readings in a glucose standard plot (0 to 1,000 g/mL) and expressed as micromoles of total reducing sugars (glucose equivalent) released per minute at 30°C and pH 4.0 and per gram.
Statistical Analyses
Statistical analyses of data were performed using the general linear model (GLM) procedure of SAS software (SAS Institute, 1990) . Main effects studied were FR (0 vs. 30%) and ES (0 vs. 500 ppm) and their interaction (FR × ES). Two additional nonorthogonal contrasts were also carried out to compare data of chicks fed corn and rye diets with or without ES. Only rye diets provided AL were included to equalize feeding and management conditions for rye and corn diets. The percentage of male chicks per replicate was used as a covariate to study performance traits of birds from 25 to 46 d. Also, BW of birds was included in the model as a covariate to study lengths of duodenum, jejunum, ileum, and ceca. For intestinal viscosity and relative weights of proventriculus and gizzard, a time effect was included in the model.
RESULTS
Performance and Leg Disorders
Feed restriction impaired BW gain and feed conversion from 4 to 14 d of age (P < 0.001), but percentage of leg disorders (3.4 vs. 9.4%; P < 0.01) and mortality (0.6 vs. 2.7%; P < 0.10) were improved (Table 2) . Compensatory growth was observed from 14 to 25 d of age; FR birds grew faster (44.9 vs. 41.2 g/d; P < 0.01) and had better feed conversion (1.92 vs. 2.19 g/g; P < 0.001) than AL fed birds. Feed intake in this period was 3.3% lower for FR birds than for AL fed birds, but the differences were not significant. From 4 to 25 d of age, weight gain and feed intake were lower for FR birds than for AL fed birds (P < 0.001), but feed conversion (1.84 vs. 1.93 g/g; P < 0.10) and mortality (1.0 vs. 3.6%; P < 0.01) were improved (Table 3) . Compensatory growth was also observed from 25 to 46 d of age for the FR group (69.8 vs. 65.1 g/d for daily gains and 2.18 vs. 2.30 g/g for feed to gain ratio; P < 0.05). As a result, weight gains at 46 d were similar for both feeding regimens, whereas feed conversion from 4 to 46 d was improved by FR (2.00 vs. 2.09 g/g; P < 0.05). In general, ES improved broiler productivity at all ages but did not affect incidence of leg disorders. From 4 to 46 d of age, enzymes improved BW gain by 16.4% (P < 0.001) and feed-to-gain ratio by 11.5% (P < 0.001), and the beneficial effects were more pronounced in AL than in FR birds (FR × ES; P < 0.10). In fact, ES improved weight gains and feed conversion by 21.9 and 14.7% in AL fed birds but only by 11.1 and 8.6% in FR birds.
From 4 to 25 d of age, feed intake was 7.4% greater for birds fed corn than for birds fed rye AL without ES (P < 0.01) in spite of the 5% lower AME n concentration of the rye diet. No differences were observed from 25 to 46 d of age. When enzymes were added to the rye diet provided AL, differences in feed intake disappeared, but the metabolizable energy intake was lower for the rye-fed birds. Also, percentage of leg disorders at 14 d was lower for the corn-based diet than for rye-based diet without ES (0 vs. 11.4%; P < 0.001). When enzymes were added to the rye diet, the incidence of leg disorders was reduced but was still greater than for birds fed the corn diet (P < 0.05). From 4 to 46 d of age, birds fed rye diets under AL conditions without or with ES grew less (44.8 and 54.6 vs. 60.7 g/d; P < 0.01) and had worse feed conversion (2.25 and 1.92 vs. 1.73 g/g; P < 0.01) than birds fed the corn control diet.
Digestive Traits
Restriction of feed intake to 70% of AL consumption from 4 to 14 d decreased jejunum viscosity (P < 0.001) and the incidence of pasted vents (P < 0.01) at 14 d (Table  4) . Intestinal viscosity decreased with age (P < 0.001) in AL fed birds but not in FR birds (FR × age; P < 0.01). Relative weight of the gizzard with respect to BW was greater in FR birds than in AL fed birds (P < 0.001), especially at younger ages (FR × age; P < 0.10; Table 5 ). No influence of previous feeding regimen from 4 to 14 d was observed at 46 d for the relative weights of crop, pancreas, and liver or for the length of the intestine segments measured (Table 6) .
Enzymes reduced jejunum viscosity and incidence of pasted vents at 14 d of age in AL fed birds but not in FR birds (FR × ES; P < 0.01 and P < 0.10, respectively). The beneficial effect of ES on jejunum viscosity was evident in the FR group at 25 and 46 d, when the birds were fed AL but not at 14 d at the end of the FR period (FR × ES; P < 0.01). Enzymes reduced relative weights of gizzard (P < 0.05) and crop (P < 0.01) but did not affect relative weight of proventriculus, pancreas, or liver. Also, enzymes reduced the length of the jejunum (P < 0.05) and tended to increase the length of the ceca (P < 0.10) at 46 d. Viscosity of jejunum content at all ages (P < 0.001) and of crop content at 46 d (P < 0.10) and length of duodenum, jejunum, and ileum at 46 d (P < 0.01) were greater for birds fed rye than for birds fed corn. The differences were less pronounced but still significant when enzymes were added to the rye diet. The incidence of pasted vents was greater in birds fed rye without ES than in birds fed corn (P < 0.10), but ES to rye diets eliminated the differences. No effect of cereal source was observed on the relative weight of proventriculus, gizzard, crop, pancreas, or liver.
DISCUSSION
In the current study, birds under the 30% FR program from 4 to 14 d showed a compensatory growth response once they were fed AL. In fact, at 46 d of age no differences in daily gains and an improvement in feed conversion were observed for FR birds. No research has been conducted previously with rye in this respect, but Lee and Leeson (2001) have reported a compensatory growth response at 49 d in broilers fed a corn-soybean meal diet that was diluted with 50% oat hulls from 7 to 14 d of life. Also, Deaton (1995) obtained similar BW with 49-d-old broilers that were under a regimen of 20 or 40% FR during the second week of life, and Urdaneta- Rincon and Leeson (2002) reported complete recovery at 35 d with a FR of 10% from 5 to 15 d. However, no compensatory growth has been observed with more severe FR such as when feed intake has been restricted by more than 50% of AL consumption from 7 to 14 d (Robinson et al., 1992; Palo et al., 1995; Zubair and Leeson, 1996) . Nevertheless, a significant improvement in feed conversion was recorded in all these experiments.
In the current study, the incidence of leg abnormalities for birds fed under AL conditions increased from 0% with the corn diet to 9.4% with the rye diet. Grammer et al. (1982) indicated that the increase in leg abnormalities observed with rye feed was due to decreased bone mineralization. Rye feed favors deconjugation of bile acids in the intestinal content (Mathlouthi et al., 2002) and reduces absorption of vitamin D 3 and, therefore, bone mineralization (MacAuliffe and McGinnis, 1976; Campbell et al., 1983 ). In the current study, FR reduced jejunum viscosity by 60% and the incidence of leg disorders by 64%, which is greater than the 5 to 14% reduction of leg abnormalities found by Robinson et al. (1992) but within the range (19 to 73%) obtained by Roberson et al. (1993) with cornsoybean meal diets.
Feed restriction is associated often with greater water consumption (Hocking et al., 1993 (Hocking et al., , 1996 and hydration of the digesta, which may have a positive impact on viscosity and absorption of lipids and lipid soluble vitamins such as vitamin D 3 . Also, FR reduced mortality of the birds, which agrees with Robinson et al. (1992) , Tottori et al. (1997) , and Urdaneta-Rincon and Leeson (2002) using commercial diets based on corn and with Lippens et al. (2002) working with wheat and corn-based diets.
With respect to corn, rye feeding increased the length of the small intestine, probably because of the longer transit time of the digesta produced by increased intestinal viscosity. Feed restriction reduced jejunum viscosity and increased the relative weight of the gizzard at the end of the restriction period (14 d) without affecting the weight of the proventriculus, which agrees with Palo et al. (1995) . Govaerts et al. (2000) working with wheat and corn-based diets observed that the stomachs of birds restricted to 80% of AL feed intake from 4 to 12 d of age matured earlier than the stomachs of the control birds. These authors speculate that during the FR period, birds give priority to development of supply organs, such as proventriculus and gizzard, at the expense of the demand tissues such as breast and thigh. There are no data in this respect for rye feeding, but in the current study, Downloaded from https://academic.oup.com/ps/article-abstract/83/2/152/1574486 by guest on 10 April 2019 differences in gizzard weight between AL and FR birds tended to disappear with age. In fact, at 46 d of age, no differences in relative weights of organs or the length of the small intestine was found between AL and FR birds, which agrees with Susbilla et al. (1994) . Differences in age at measurement of the weight and length of digestive organs and the severity of the FR program applied may help to explain the discrepancies observed among authors.
Enzymes improved performance of broilers fed rye at all ages, which agrees with Marquardt et al. (1994) and Mathlouthi et al. (2002) . In the current paper, rye feeding impaired average daily gain as compared with corn feeding regardless of ES, which agrees also with Marquardt et al. (1994) . In addition, rye feeding of birds fed AL impaired feed and energy efficiency compared with corn feeding, regardless of age. However, ES restored in part the efficacy of energy utilization of the rye diets, especially from 25 to 46 d of age. In fact, under AL conditions the feed-to-gain ratio from 25 to 46 d of age was 1.95 for broilers on the corn diet and 2.14 for broilers on the ES rye diet, a difference (8.9%), which was still greater than the calculated difference in AME n concentration between these 2 diets (4.8%). Enzymes may improve bird performance by 2 interrelated mechanisms: increases in feed consumption and improvements in nutrient utilization. The reduction of viscosity of digestive content observed with ES allowed faster transit of the digesta and greater feed intake and facilitated contact between nutrients and digestive enzymes to improve nutrient digestibility (Langhout et al., 1997; Lázaro, 2003b) . The increased feed intake observed with ES was more evident from 14 to 25 d than from 25 to 46 d of age. Also, from 14 to 25 d, enzymes increased feed intake by 9.3% in AL fed birds but only 0.9% in FR birds, which suggests that the increase in feed intake is an important mechanism that partly explains the mode of action of ES.
Enzymes decreased the incidence of pasted vents, which agrees with results of Pettersson and Å man (1989) , and reduced intestinal viscosity as found by Bedford et al. (1991) and Dänicke et al. (1997a) . The decrease in viscosity might be responsible for the observed shortening of the jejunum. Pettersson and Å man (1989) have also reported that ES reduces the length of the small intestine of broilers fed rye-based diets. The reduction of relative weight of crop and gizzard observed with ES in current study agrees with Brenes et al. (1993) , who worked with broilers fed barley-based diets, and might be related to the decrease of intestinal viscosity and the concomitant faster transit of digesta through the digestive tract (Dänicke et al. 1997a; Lázaro et al., 2003a) .
We concluded that inclusion of rye in diets for broilers increased digesta viscosity, impaired performance, and increased the incidence of leg disorders. Birds on FR at 70% of the AL diets from 4 to 14 d had the same BW and better feed-to-gain ratio at 46 d than birds fed AL. The FR also reduced digesta viscosity, incidence of pasted vents, and percentage of leg abnormalities. Enzymes improved performance of broilers under all circumstances and reduced digesta viscosity in full-fed chicks but not in FR chicks. The improvements in BW gain and feed conversion with enzymes were more evident with AL birds than with FR birds, which suggested that the increased feed intake observed with enzyme addition to the diet was responsible, at least in part, for the response of broilers to enzymes.
